Introduction
It has been recognised as paradoxical that a genetically disparate mammalian conceptus expressing paternal as well as maternal gene products does not succumb to any maternal immune response during pregnancy. Medawar proposed three possible hypotheses to explain the paradox of maternal immunological tolerance to the fetus [1] : anatomical separation of mother and fetus, antigenic immaturity of the fetus and suppression or modification of the maternal immune system. It appears that the first two proposals cannot explain fetal allograft survival. The maternal fetal interface is not a complete barrier and fetal cells can migrate into the maternal circulation or vice versa [2] . The second explanation is also nearly ruled out since both fetal and placental cells express major histocompatibility complex molecules (MHC) [3] . Major interest has therefore been focused on the third mechanism in which the survival of the allogeneic fetus depends on the fetus and placenta actively defending itself from attack by the cells of the maternal immune system. Munn et al. [4] added indoleamine 2,3-dioxygenase as a new candidate to the list of potential immunosuppressive mechanisms in pregnancy.
The enzyme indoleamine 2,3-dioxygenase (EC 1.13.11.42) is a heme-containing protein that catalyses the oxidative cleavage of the indole ring of tryptophan upon the insertion of two oxygen atoms of molecular oxygen [5] . Indoleamine 2,3-dioxygenase is widely expressed in a variety of tissues of mammals such as rabbit, rat, mouse and humans. One tissue with particularly high activity is the human placenta [6] . Although the precise physiological roles of indoleamine 2,3-dioxygenase is still unknown, the enzyme is induced under pathological conditions including virus infection [7] and parasitic infestation [8] , resulting in the rapid degradation of tryptophan to kynurenine in the infected cells. Interferon-γ which exerts potent immunomodulatory and antiproliferative effects
The role of placental indoleamine 2,3-dioxygenase in human pregnancy Vol. 56, No. 4, 2013 strongly induces the expression of the gene coding for indoleamine 2,3-dioxygenase [9] . It is possible to speculate that the inhibitory effect of interferon-γ on intracellular pathogens is, at least in part, attributable to the depletion of the essential amino acid, L-tryptophan following induction of indoleamine 2,3-dioxygenase. In addition to defense against pathogens, this enzyme exerts important immunomodulatory effects. Indoleamine 2,3-dioxygenase suppresses T-cell responses by depleting local L-tryptophan, an essential amino acid for T-cell proliferation and function [10] . Indoleamine 2,3-dioxygenase mediated T-cell suppression plays a crucial role in long term allogeneic organ graft function and in the control of graftversus-host disease after allogeneic bone marrow transplantation and peripheral blood stem cell transplantation [11] .
With regard to the role of placental indoleamine 2,3-dioxygenase Munn et al. [4] formulated the hypothesis that in normal pregnancy expression of this enzyme at the maternalfetal interface is necessary to prevent immunological rejection of the fetal allograft. To test this hypothesis they exposed pregnant mice (carrying syngeneic or allogeneic fetuses) to 1-methyl-tryptophan, a pharmacological agent that inhibits indoleamine 2,3-dioxygenase activity [12] . They found that T cell-induced rejection of all allogeneic (but not syngeneic) concepti occurred rapidly when pregnant mice were treated with the inhibitor. However fetal allograft rejection was not observed when recombination activating gene 1 (RAG-1) deficient mothers that cannot develop lymphocytes were treated with 1-methyl-tryptophan. They also demonstrated that adoptive transfer of splenocytes from T cell receptor transgenic mice harbouring cohorts of CD8 positive T cells specific for a paternally inherited fetal MHC class I alloantigen caused fetal allograft rejection in these mothers lacking lymphocytes. They suggested T cells are inhibited by a mechanism involving indoleamine 2,3-dioxygenase dependent localised depletion of tryptophan at the site of placentation.
The maternal syndrome of pre-eclampsia is a major complication of human pregnancy with significant morbidity and mortality. Although the aetiology of pre-eclampsia remains unknown, there is substantial evidence that the clinical disease is secondary to abnormalities of placentation [13] , with increased oxidative stress [14] and maternal endothelial cell activation and dysfunction [15] . In addition to endothelial dysfunction, systemic activation of maternal inflammatory cell populations has been observed including granulocytes [16] , monocytes [17] and even lymphocytes [18] . Recent studies have shown that pre-eclampsia is indeed associated with an inflammatory response similar to that observed in septic patients and is associated with increased production of intracellular reactive oxygen species. However it seems that normal pregnancy is also associated with an inflammatory response albeit less severe [19] . From Munn et al.'s hypothesis that placental indoleamine 2,3-dioxygenase is responsible for suppressing the maternal immune response against the allogenic fetus by depleting tryptophan at the maternal-fetal interface it is possible to suggest that in pre-eclampsia changes in the activity or levels of indoleamine 2,3-dioxygenase in the placenta may be involved in the pathogenesis of this condition.
As mentioned above, Munn et al. [4] made a scientific observation of major biological importance. Their findings raise critical questions for human pregnancy. Specifically, the role of this mechanism (discovered in mouse) in the human, and the extent to which defective activation of this process is responsible for major clinical diseases are unknown. We therefore have studied some key facts about this enzyme expressed in the human placenta in an attempt to test whether Munn et al.'s findings in mouse are met for human pregnancy. In this review, particular focus will be placed on the results of our study on this enzyme in the human placenta.
Localisation and characterisation of human placental indoleamine 2,3-dioxygenase
In human placental tissue indoleamine 2,3-dioxygenase is detectable immunohistochemically from day 6 human blastocysts and thereafter throughout pregnancy in syncytiotrophoblasts, cytotrophoblasts and macrophages in the villous stroma and in the fetal membranes [20] . The results of cellular fractionation suggest that the placental isoform of indoleamine 2,3-dioxygenase is not expressed in the maternal facing brush border membrane of the syncytiotrophoblast but is a cytoplasmic enzyme [21] .
1-Methyl-tryptophan which was used by Munn et al. [4] for inhibiting indoleamine 2,3-dioxygenase activity in the pregnant mouse has been reported to be a competitive inhibitor for the rabbit intestinal isoform of the enzyme. As shown in Fig. 1 , 1-methyl-tryptophan is competitive with L-tryptophan for human placental indoleamine 2,3-dioxygenase. The Ki values giving half-maximal inhibition for L-tryptophan was found to be 68 μM for 1-methyl-DL-tryptophan [21] .
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These results indicate that the hypothesis of Munn et al. [4] that localised placental tryptophan catabolism prevents immunological fetal rejection in mouse is likely to be met for human pregnancy.
Regulation of human placental indoleamine 2,3-dioxygenase by interferon-γ
In a variety of tissues indoleamine 2,3-dioxygenase activity is known to be modulated by certain cytokines. Thus interferon-γ stimulates its expression in macrophages and monocytes [22] ; other cytokines (e.g., interleukin-4) inhibit indoleamine 2,3-dioxygenase expression [23] . In order to clarify physiological significance of human placental indoleamine 2,3-dioxygenase, regulation of its expression by interferon-γ has been investigated using cultured human placental chorionic villi.
Human placental chorionic villi exposed to interferon-γ showed an increased indoleamine 2,3-dioxygenase activity in a time-and concentration-dependent manner (Fig. 2) . The significant stimulatory effect of interferon-γ on indoleamine 2,3-dioxygenase activity could be detected after 12 hours of exposure of chorionic villi and was fully expressed 36 hours later, while the enhancement of mRNA expression began after 3 hours stimulation and reached a maximum at 12 hours [24] . Interferon-γ-stimulated indoleamine 2,3-dioxygenase mRNA expression was inhibited by interleukin-4 (Table 1) , as was its activity by interleukin-4. Since interleukin-4 alone did not inhibit either mRNA level or enzyme activity, this effect may be due to the suppression of the increased transcription induced by interferon-γ. These data suggest that interleukin-4 may have a role in modulating indoleamine 2,3-dioxygenase availability in the human placenta.
Concentrations of L-tryptophan and of L-kynurenine, the major indoleamine 2,3-dioxygenase degradation product, in the conditioned medium following in vitro culture of placental villous explants were determined (Fig. 3) . The presence of interferon-γ in the culture medium stimulated L-tryptophan degradation markedly, consequently showing a marked increase in L-kynurenine concentration. The indoleamine 2,3-dioxygenase inhibitor 1-methyl-tryptophan showed inhibition of L-tryptophan catabolism in either the presence or absence of interferon-γ; both the decrease in L-tryptophan concentration and the associated increase in L-kynurenine concentration were reduced by the presence of 1-methyl-tryptophan [25] .
Regulation of peripheral blood mononuclear cell proliferation by human placental indoleamine 2,3-dioxygenase mediated tryptophan degradation
To clarify the physiological potential of indoleamine 2,3-dioxygenase in the human placenta, whether placental indoleamine Significantly different from IFN-γ (P<0.001). For this, peripheral blood mononuclear cells were cultured in the same medium as that previously conditioned by culture of villous explants. Thymidine incorporation into DNA was then determined. The findings are that proliferation is inhibited by conditioned medium, that this inhibition is greater with medium conditioned in the presence of interferon-γ and that these effects are markedly blunted when 1-methyl-tryptophan was present during the previous conditioning with villous explants (Fig. 4) . Return of a physiological concentration of Ltryptophan to the conditioned medium, but not of any of the other amino acids tested (including D-tryptophan) returned peripheral blood mononuclear cell proliferation rate to normal [26] .
Tryptophan catabolism by placental indoleamine 2,3-dioxygenase in human pregnancy: a comparison of normal pregnancy and pre-eclampsia
It has been reported that plasma tryptophan levels decrease during normal pregnancy. Such a decrease may be related to immune activation phenomena during pregnancy. The maternal syndrome of pre-eclampsia is characterised by an excessive systemic inflammatory response induced by pregnancy [27] . Since the human placenta contains active indoleamine 2,3-dioxygenase, it is possible that in such pregnancies placental indoleamine 2,3-dioxygenase is less effective at controlling local and thus, indirectly, circulating tryptophan concentration. Therefore placental indoleamine 2,3-dioxygenase activity as well as indices of tryptophan catabolism have been studied in pregnant women, with or without pre-eclampsia, and non-pregnant women of reproductive age. Table 2 summarise the results of high-performance liquid chromatography analysis of tryptophan and kynurenine concentrations in plasma. Tryptophan concentrations in plasma taken from both groups of pregnant women were significantly lower than those from women who were not pregnant. However plasma from women with normal pregnancy also had significantly lower concentrations than those from women with pre-eclampsia. Plasma kynurenine concentrations showed the converse patterns. Hence the ratios of indoleamine 2,3-dioxygenase product (plasma kynurenine) to substrate (plasma tryptophan), an index of tryptophan catabolism, were signifi- Table 2 . Tryptophan and kynurenine concentrations and the ratio of kynurenine to tryptophan in plasma from women with pre-eclampsia or normal pregnancies and from non-pregnant women [28] Fig. 4 . Peripheral blood mononuclear cell proliferation in medium previously conditioned by culture with villous explants [26] . Peripheral blood mononuclear cells were cultured for 72 hours either in non-conditioned medium or in medium previously conditioned by culture of explants with 1,000 unit mL -1 interferon-γ (IFN) and/or 2 mM 1-methyl-tryptophan (1-Met-Trp) for 36 hours. Significantly different from IFN-γ. cantly increased in normal pregnant women compared either with women who were not pregnant or with women with pre-eclampsia [28] . The indoleamine 2,3-dioxygenase activities in fresh placental villous tissue from pre-eclampsia were significantly lower when compared with those from normal pregnancy (Table 3) . When villous tissue explants were cultured for 36 hours with or without interferon-γ, both indoleamine 2,3-dioxygenase activity and the percentage stimulation were still significantly lower in villous tissue from pre-eclampsia than was found for tissue from normal pregnancy [28] .
Conclusion
Experiments described in this review were conducted in order to investigate the physiological role of the tryptophan catabolising enzyme indoleamine 2,3-dioxygenase in the human placenta on the basis of Munn et al. [4] 's hypothesis in mouse that placental expression of this enzyme is crucial to prevent immunological rejection of the allogeneic fetus. Thus indoleamine 2,3-dioxygenase dependent localised depletion of tryptophan at the site of placentation has been proposed to be the mechanism of the suppression of maternal T cells which attack the conceptus [29] .
That Munn et al.'s hypothesis in mouse is applicable to human pregnancy is suggested by the following pieces of evidence obtained from experiments in vitro described in this review. The human placenta expresses indoleamine 2,3-dioxygenase from early stages of pregnancy. 1-Methyl-tryptophan, the critical experimental tool used by Munn et al. to inhibit pregnant mouse indoleamine 2,3-dioxygenase, competitively inhibits the human placental enzyme (Fig. 1) . Functional indoleamine 2,3-dioxygenase activity is also inhibited by 1-methyl-tryptophan in villous explants; when villous explants were cultured in the presence of 1-methyl-tryptophan, the normal decrease in tryptophan and increase in kynurenine concentrations in the conditioned medium were suppressed (Fig. 3) . Indoleamine 2,3-dioxygenase mediated tryptophan degradation can inhibit peripheral blood mononuclear cell proliferation (Fig. 4) ; peripheral blood mononuclear cell proliferation following culture in the medium previously conditioned by culture of villous explants is markedly suppressed; inhibition of placental indoleamine 2,3-dioxygenase by 1-methyl-tryptophan during conditioning prevents inhibition of peripheral blood mononuclear cell proliferation. In addition to a potential role of indoleamine 2,3-dioxygenase, there are hypotheses suggesting roles for several other molecules or cells to explain maternal tolerance of the fetal allograft [30] . Tolerance of the fetal allograft is the results of the integration of numerous mechanisms of various origins and modes of action.
It has been suggested that the manifestations of the maternal syndrome of pre-eclampsia are not the results of processes distinct from those of normal pregnancy but simply the extreme end of the distribution of maternal intravascular inflammatory responses to normal pregnancy since activation of peripheral blood leukocytes is already well established in normal pregnancy [19, 27] . Although the causes of these changes in peripheral blood leukocytes have not been defined, the evidence points to the placenta as the stimulus for pre-eclampsia [31, 32] . The changes in the levels of cytokines observed in pre-eclampsia may be causally related to the decreased expression of placental indoleamine 2,3-dioxygenase since indoleamine 2,3-dioxygenase mediated tryptophan depletion can specifically suppress the proliferation of T helper lymphocytes which are a major source of cytokines. The increased circulating pro-inflammatory cytokines can activate maternal leukocytes and thus can develop exaggerated system inflammatory response in this condition. The cause of decreased expression level of indoleamine 2,3-dioxygenase in pre-eclamptic placenta remains to be defined. However, it is likely that increased plasma tryptophan concentration in Yoshiki Kudo. Human placental indoleamine 2,3-dioxygenase women with pre-eclampsia and tryptophan dependent proliferation of lymphocytes indicate a causal relationship between suppressed indoleamine 2,3-dioxygenase expression and exaggerated inflammatory response in this maternal syndrome.
